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Inhibition of SNARE Complex Assembly
Differentially Affects Kinetic
Components of Exocytosis
a tight ternary complex that is reversibly disassembled
by the chaperone NSF in conjunction with cofactors
(SNAPs) (SoÈ llner et al., 1993b). Multiple lines of evidence
suggest that cyclic assembly and disassembly of
SNARE proteins is essential for SNARE function (re-
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viewed by Jahn and SuÈ dhof, 1999), but it is less clearMax-Planck-Institute for Biophysical Chemistry
how these reactions are related to vesicle maturationAm Fassberg 2
and membrane fusion. Originally, it was thought thatD-37077 GoÈ ttingen
SNARE assembly would attach the vesicle to the plasmaGermany
membrane and that subsequent disassembly, driven by
the ATPase NSF, would lead to membrane fusion (Roth-
man, 1994). However, an increasing body of evidenceSummary
suggests that NSF is not involved in the late stages of
exocytosis and that assembly rather than disassemblyIn chromaffin cells, an increase in intracellular Ca21
is instrumental in mediating membrane fusion (Haas andleads to an exocytotic burst followed by sustained
Wickner, 1996; Hanson et al., 1997a; Littleton et al., 1998;secretion. The burst can be further resolved into two
Chen et al., 1999; Xu et al., 1999).kinetically distinct components, which suggests the
Detailed structural studies have shown that complexpresence of two separate pools of vesicles. To investi-
formation involves homologous stretches of about 60gate how these components relate to SNARE complex
amino acids, referred to as SNARE motifs (Terrian andformation, we introduced an antibody that blocks
White, 1997; Weimbs et al., 1998; Jahn and SuÈ dhof,SNARE assembly but not disassembly. In the presence
1999). Syntaxin and synaptobrevin possess one SNAREof the antibody, the sustained component was largely
motif, respectively, adjacent to their C-terminal trans-blocked, the burst was slightly reduced, and one of
membrane domains. SNAP-25 contains two SNARE mo-its kinetic components was eliminated. We conclude
tifs separated by a linker domain that includes palmitoy-that SNARE complexes form before Ca21-triggered
lated cysteine residues for membrane anchoring (Hessmembrane fusion and exist in a dynamic equilibrium
et al., 1992). SNARE assembly proceeds from largelybetween a loose and a tight state, both of which sup-
unstructured monomers toward a tightly packed, heat-port exocytosis. Interaction of the antibody with pre-
stable, and mostly a-helical ternary complex (Fasshauerformed SNARE complexes favors the loose state.
et al., 1997b), with all transmembrane domains exposed
on one side (Hanson et al., 1997b).
Based on these findings, it was proposed that assem-Introduction
bly of SNAREs localized in the membranes destined to
fuse (constructive assembly) results in a tight connec-In neurons and neuroendocrine cells, synaptic and se-
tion of the membranes (ªtransº-complexes) that largelycretory vesicles exocytose in response to a rise in intra-
overcomes the energy barrier for fusion (Hanson et al.,cellular calcium. Before exocytosis, vesicles undergo a
1997a). After fusion, all SNAREs are aligned in parallelseries of maturation steps. In recent years, many of the
(relaxed ªcisº-complexes) and need to be disassembledproteins involved in these steps have been identified
and reenergized by NSF for another round of fusion(SoÈ llner et al., 1993a; SuÈ dhof, 1995; Martin, 1997). How-
(Hanson et al., 1997b; Lin and Scheller, 1997). This viewever, a precise functional assignment of these proteins
was supported by the recently solved crystal structurehas proven difficult. A set of three small membrane pro-
of the neuronal SNARE complex (Sutton et al., 1998).teins is believed to play a central role in exocytosis.
Its core domain, which includes the four SNARE motifs,These proteins include the vesicle protein synaptobrevin
consists of a twisted and elongated bundle of a helices(also referred to as VAMP) and the plasma membrane
that are connected by layers of interacting amino acidproteins SNAP-25 and syntaxin, commonly referred to
side chains. Assembly may thus proceed from the N-ter-as SNAREs (acronym for soluble NSF attachment pro-
minal ends most distant from the membrane toward thetein receptors) (Rothman, 1994). Relatives of these pro-
membrane in a zipper-like fashion, but so far there is
teins operate in many, if not all, intracellular fusion steps,
no evidence that directly supports this view.
which suggests that SNAREs form part of a highly con-
While it is largely accepted that SNARE complexes
served fusion machine (SuÈ dhof, 1995; Nichols and Pel- in trans-configuration play an important role, there is
ham, 1998; Jahn and SuÈ dhof, 1999). conflicting evidence as to what time relative to the time
In vitro, synaptobrevin, SNAP-25, and syntaxin form point of membrane fusion this complex is required and
how it relates to the Ca21 trigger. For instance, studies
³ To whom correspondence should be addressed (e-mail: rjahn@ on yeast vacuolar fusion indicated that trans-complexes
gwdg.de). may disassemble long (hours!) before membrane fusion§ These authors contributed equally to this work.
(Ungermann et al., 1998). In contrast, recent experiments‖ Present address: Department of Physiology and Biophysics, Uni-
performed in PC12 cells seemed to indicate that mono-versity of Washington, Seattle, Washington 98105.
meric SNAREs and the Ca21 trigger are required simulta-#Present address: Departamento de Farmacologia y Terapeutica,
Facultad de Medicina Autonoma, Madrid, Spain. neously for fusion to occur (Chen et al., 1999). These
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Figure 1. Influence of SNARE-Specific Anti-
bodies on Assembly of Ternary SNARE Com-
plexes
(Top) The epitopes of the monoclonal anti-
bodies Cl 71.1, Cl 71.2 (specific for SNAP-
25), and Cl 69.1 (specific for synaptobrevin 2)
are mapped on the 3D structure of the ternary
SNARE complex. The central fusion complex
domain (crystal structure by Sutton et al.,
1998) was extended to include the structure
of the N-terminal domain of syntaxin (Fernan-
dez et al., 1998), the linker between the syn-
taxin N terminus and the central fusion com-
plex, the N terminus of synaptobrevin, the
linker between the N- and C-terminal half of
SNAP-25, and the transmembrane domains
of synaptobrevin and syntaxin.
(A and B) Complex formation is monitored
by the appearance of an SDS-resistant band
with apparent molecular weight of 65 kDa
(Hayashi et al., 1994).
(A) Before assembly, antibody preincuba-
tions were carried out at a molar ratio of 5:1
with individual proteins as follows: Cl 71.1
and Cl 71.2 (specific for SNAP-25) with SNAP-
25A, Cl 69.1 (specific for synaptobrevin 2)
with synaptobrevin 2, and Cl 42.2 (control,
specific for Rab3A) with SNAP-25. After addi-
tion of the corresponding SNARE partners
(syntaxin 1A, SNAP-25A, or synaptobrevin 2),
assembly of SNARE complexes was mea-
sured by SDS-PAGE/immunoblotting using a
mixture of biotinylated antibodies specific for
syntaxin 1 (HPC-1) and SNAP-25 (Cl 71.2).
(B) Fab fragments of Cl 71.1 are as effective
as IgG in inhibiting the formation of SNARE
complexes. The experiment was carried out
as described in (A), except that Fab fragments
instead of IgG were used (molar ratio of
SNAP-25:Fab 1:1). As control, a 5-fold excess
of Cl 42.2 IgG (specific for Rab3A) was used.
(C) Fab fragments of Cl 71.1 and Cl 71.2 pre-
vent SNARE interactions in membranes. Pro-
teoliposomes containing either syntaxin 1A
or synaptobrevin 2 were mixed with SNAP-
25A that was preincubated with buffer or the respective Fab fragments (diagram in the lower right panel). Complex formation is monitored
by the appearance of SDS-resistant bands (top panel: 8% gel, bottom panel: 15% gel). Note that the apparent molecular weight of the major
complex is higher than that of the soluble complex and corresponds to that of complexes isolated from native membranes (see e.g., Otto et
al., 1997).
data led to the conclusion that SNARE assembly and SNARE assembly was introduced into chromaffin cells,
membrane fusion are tightly linked. However, in adrenal both the sustained component of exocytosis and the
chromaffin cells (which are closely related to PC12 cells), initial fast component of the exocytotic burst were inhib-
Ca21 is required both for the actual membrane fusion ited, whereas the second component of the burst was
(happening within 100 ms after Ca21 elevation) and for only affected to a minor degree. We conclude that
a ªslowº process of Ca21- and ATP-dependent priming, SNARE assembly is required before vesicles can un-
which itself does not yet cause release (happening on dergo exocytosis and that trans-SNARE complexes can
the 10 s to 1 min time scale) (Bittner and Holz, 1992; exist in two forms, an interconvertible loose and a tight
Neher and Zucker, 1993; von RuÈ den and Neher, 1993; one, both of which contribute to exocytosis.
Smith et al., 1998). Unfortunately, the time resolution of
the above PC12 studies was not sufficient to distinguish
Resultsbetween these two steps. Therefore, the question re-
mains whether the requirement of simultaneous pres-
Effects of SNARE-Specific Antibodies on theence of intracellular Ca21 ([Ca21]i) and monomeric SNAREs
Formation of SNARE Core Complexesapplies to the rapid process (triggering of membrane
In the initial series of experiments, we screened severalfusion) or else to the preceding slow step.
SNARE-specific monoclonal antibodies for their abilityIn the present study, we have taken advantage of the
to prevent the spontaneous formation of ternary SNAREhigh kinetic resolution of chromaffin cell exocytosis in
complexes. Syntaxin 1A, synaptobrevin 2 (both withoutorder to refine the role of SNARE assembly in this pro-
cess. When an antibody that specifically prevents transmembrane region), and SNAP-25A were expressed
SNARE Assembly and the Kinetics of Exocytosis
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in E. coli and purified to homogeneity. After preincuba-
tion with the respective antibody, the proteins were
mixed and analyzed for complex formation. As shown
in Figure 1A, two of these antibodies, both specific for
SNAP-25, inhibited the formation of SDS-resistant ter-
nary complexes, but to different degrees. Cl 71.1 com-
pletely prevented complex formation. This antibody
binds to an epitope encompassing amino acid residues
20±40 (Bruns et al., 1997), i.e., a region in the N-terminal
portion of SNAP-25 that is part of the SNARE motif and
participates in complex formation (Figure 1). Inhibition
by Cl 71.2 is less efficient. The epitope of this antibody
is located within the first 20 amino acids of SNAP-25
(Bruns et al., 1997; see Figure 1). No effect was observed
when the synaptobrevin-specific antibody (Cl 69.1) or a Figure 2. Fab Fragments of a SNAP-25-Specific Monoclonal Anti-
control antibody (Cl 42.2) was used. The epitope of Cl body (Cl 71.1) Prevent Binding of SNAP-25 to Syntaxin
69.1 includes the 17 N-terminal amino acids of synapto- SNAP-25 was preincubated in the presence of excess amounts
(molar ratio 1:8) of 71.1 Fab fragments for 30 min at room tempera-brevin 2 (Edelmann et al., 1995), i.e., a region directly
ture and then incubated with GST-syntaxin (GST-syx) beads in theadjacent to but not part of the SNARE motif (Figure 1).
presence of synaptobrevin. After incubation and washing of theSince Cl 71.1 was the most potent of the antibodies
beads, bound SNAP-25 was determined by SDS-PAGE and quanti-tested, its properties were further characterized. When
tative immunoblotting. Note that 71.1 Fab abolished binding. No
the molar ratio between IgG and SNAP-25 was reduced binding was observed when GST instead of GST-syntaxin was used.
to 1:1, complex formation was still completely inhibited The numbers in parenthesis indicate the number of independent
(data not shown), suggesting that antibody binding and experiments. Syb: Synaptobrevin 2.
inhibition are irreversible under our experimental condi-
tions. Furthermore, Fab fragments were prepared in or-
der to reduce steric hindrance. As shown in Figure 1B, was used as a criterion for the formation of the SNARE
Fab fragments were as effective as intact IgG in pre- complexes. However, this approach would also give a
venting the formation of SDS-resistant ternary com- negative result if the proteins still bound to each other
plexes. Anisotropy measurements revealed that inhibi- but with reduced affinity, resulting in increased sensitiv-
tion was almost complete after 3 min of preincubation ity toward SDS. Previous work has shown that the C-ter-
(at a Fab fragment concentration of 0.1 mM, not shown). minal half of SNAP-25 binds to syntaxin when synapto-
We also examined whether the antibodies inhibit com- brevin is present (Fasshauer et al., 1997b). Thus, it is
plex formation when the proteins are inserted into lipid possible that a less stable ternary complex forms in our
bilayers. It has recently been reported that mixtures of experiments, even though the N-terminal part of SNAP-
proteoliposomes containing syntaxin 1/SNAP-25 and 25 is blocked by the antibody. To test for this possibility,
synaptobrevin, respectively, display SNARE-dependent we used immobilized syntaxin and measured the bind-
interactions, including some membrane fusion (Weber ing of SNAP-25 and synaptobrevin 2. As shown in Figure
et al., 1998). Thus, this experimental approach should 2, Fab fragments of Cl 71.1 prevented binding of SNAP-
provide an in vitro assay for complexes between 25 to syntaxin beads.
SNAREs that, at least initially, can only interact in the Together, these data show that the SNAP-25-specific
trans-configuration. Full-length versions of both syn- antibody Cl 71.1 effectively blocks the assembly of the
taxin 1A and synaptobrevin 2 were reconstituted by neuronal SNARE complex. We then examined whether
detergent removal into separate sets of liposomes. Anal- the antibody still interacts with its antigen after assembly
ysis of the proteoliposomes by flotation gradients re- is completed. First, we tested whether the presence
vealed that the proteins were quantitatively incorporated of the antibody affects NSF-driven disassembly of the
into vesicles, with no free proteins left behind in solution. ternary complex. Figure 3 shows that this is not the case.
Furthermore, both proteins were almost exclusivley ori- Second, we tested by immunoprecipitation whether the
ented with their cytoplasmic domains facing the outside antibody binds to assembled SNARE complexes. No
of the vesicles (tested by limited proteolysis, data not
binding was observed (not shown).
shown). These liposomes were then mixed and recombi-
nant SNAP-25A was added. Incubation resulted in the
Effects of SNARE-Specific Antibodies on Exocytosisformation of SDS-resistant complexes (Figure 1C). No
in Adrenal Chromaffin Cellscomplexes were seen when SNAP-25 or one of the lipo-
In the following experiments, we examined the effectssome populations were omitted (data not shown). Again,
of Cl 71.1 Fab fragments on exocytosis in adrenal chro-complex formation was prevented by preincubation of
maffin cells. We have previously shown that exocytoticSNAP-25 with Fab fragments derived from the SNAP-
release of catecholamines in response to a step eleva-25-specific monoclonal antibodies. Although it remains
tion of [Ca21]i can be resolved into at least two distinctto be established whether these complexes represent
kinetic components, an exocytotic burst and a sustainedcis-complexes formed after liposome fusion or trans-
component (Heinemann et al., 1994; Xu et al., 1998; seecomplexes formed during membrane attachment, we
also Figure 4). The exocytotic burst occurs within a fewconclude that the antibodies interfere with SNARE inter-
hundred milliseconds after the stimulus and is probablyactions within membranes.
In the experiments described above, SDS resistance due to exocytosis of secretory granules that are in a
Cell
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Figure 3. Influence of SNARE-Specific Antibodies on Disassembly
of Ternary SNARE Complexes
Purified ternary SNARE complexes were preincubated with purified
IgG of Cl 71.1 and Cl 71.2 (SNAP-25), Cl 69.1 (synaptobrevin), or as
a control with Cl 42.2 (Rab3a) in a 5:1 molar ratio (antibody:SNARE
complex). Disassembly was then initiated by the addition of NSF
and a-SNAP (see Experimental Procedures) and monitored by SDS-
PAGE as in Figure 1.
release-ready state (Heinemann et al., 1993; Thomas et
al., 1993; Gillis et al., 1996). The sustained component
has a time constant on the order of 10 s and may repre-
sent vesicles that need to undergo priming and matura-
tion before they are ready for fusion (Xu et al., 1998).
Fab fragments of Cl 71.1 were introduced into cultured
chromaffin cells together with caged calcium (nitrophe-
nyl-EGTA) using the whole-cell patch clamp configura-
tion. Following 10 min of dialysis, the cells were stimu-
lated by flash photolysis, with the flash intensity
adjusted for a [Ca21]i concentration in the 10±20 mM
range. Exocytosis was monitored using fast resolution
capacitance measurements. Capacitance is propor-
tional to the surface area of the plasma membrane and
increases upon exocytosis of secretory granules (Neher
and Marty, 1982; Henkel and Almers, 1996). Figure 4A
shows that Ca21 release by flash photolysis results in a
two-phase capacitance increase, in agreement with our
Figure 4. Fab Fragments of Cl 71.1 Inhibit Exocytosis in Chromaffinearlier observations. When 71.1 Fab was present in the
Cellspipette solution, a marked reduction of the sustained
Purified Fab fragments of Cl 71.1 were included in the pipette solu-component was observed. In addition, the amplitude of
tion and were dialyzed into the cytosol in whole-cell patch clamp
the exocytotic burst was reduced, but to a lesser extent, mode at a concentration of 1±3 mM. After 10 min of dialysis, [Ca21]i
and responses to second flashes were 2.4-fold smaller was elevated by flash photolysis of caged Ca21.
than those under control conditions (relative to the first (A) The averaged [Ca21]i levels and the corresponding capacitance
responses are compared between control cells (solid line) and cellsresponses). These differences are not due to a differ-
treated with Fab fragments of Cl 71.1 (dotted line).ence in the [Ca21]i concentration, since, as shown in
(B) Comparison of the amplitude of the exocytotic burst and of theFigure 4A, [Ca21]i was lower in control than under 71.1 sustained component between control cells (open, n 5 18) and cells
Fab. Furthermore, the membrane capacitance (Cm) re- dialyzed with Fab fragments of Cl 71.1 (shaded, n 5 12). Amplitudes
sponse to the second flash relative to the first responses of exocytotic bursts were measured as the Cm increase 1.8 s after
in the presence of 71.1 Fab were 2.4-fold smaller than the flash, while the sustained components were measured as the
Cm increase between 1.8 and 9.8 s after the flash.those in control. Amperometric measurement of cate-
cholamine release carried out in parallel (not shown)
confirmed that the sustained component is inhibited, can be further resolved when analyzed at high time reso-
excluding that the change in capacitance signal is mainly lution. The release kinetics can be fitted with two expo-
a result of changes in endocytosis. nential functions with time constants differing by a factor
To confirm that the inhibition is due to a specific inter- of four or more (Heinemann et al., 1994; Xu et al., 1998;
action with SNAP-25, the Fab fragments were preab- Voets et al., 1999), which may suggest the existence
sorbed with a 10-fold excess of the N-terminal fragment of two different states of vesicles in the exocytosis-
of SNAP-25 (residues 1±83, designated SN1) before in- competent pool. We therefore performed a similar ki-
jection. As shown in Figure 5, preincubation completely netic analysis in order to define which of the kinetically
prevented the inhibitory effect of the Fab fragments. defined states of the burst is affected by the antibody.
Injection of SN1 alone had no effect on the kinetics of When the capacitance signals were corrected for the
exocytosis (not shown). sustained component and normalized, it became appar-
ent that the maximum rate of capacitance increase wasPrevious work has shown that the exocytotic burst
SNARE Assembly and the Kinetics of Exocytosis
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In addition to Cl 71.1, we also investigated the effect
of the second SNAP-25-specific antibody (Cl 71.2) on
secretion. Fab fragments of Cl 71.2 were less effective
in blocking assembly than those of Cl 71.1. Accordingly,
Cl 71.2 was found to have a weaker inhibitory effect
on the capacitance increase than Cl 71.1. Only a small
reduction of the sustained component was found (data
not shown).
Finally, we examined whether the synaptobrevin-spe-
cific antibody Cl 69.1 has any effect on exocytosis. Cl
69.1 was raised using a synthetic peptide as antigen
that corresponds to the 17 N-terminal amino acids of
synaptobrevin 2. This epitope is not part of the SNARE-
motif, but it is closely adjacent (see sketch in Figure
1). The antibody binds with high affinity to both free
synaptobrevin and ternary SNARE complexes (not
shown). However, as shown above, it has no effect on
complex assembly and only interferes slightly with NSF-
driven disassembly.
When Fab fragments of this antibody were introduced
into chromaffin cells, no inhibition of exocytosis was
observed. Interestingly, however, an inhibition was ob-
served when intact IgG was used. The onset of this
effect was so slow that a different experimental protocol
was required. Chromaffin cells were loaded with the
antibody during a short period in whole-cell configura-
tion followed by removal of the patch pipette. Secretion
was then measured by carbon fiber amperometry in
response to ionophoretically applied pulses of acetyl-
choline, given every 3 min. Under these conditions, Cl
69.1-IgG led to an almost complete inhibition of secre-Figure 5. Preabsorbed Fab Fragments of Cl 71.1 Fail to Block Se-
tion after 30 min, whereas Fab fragments exerted littlecretion
(if any) effect (Figure 7). We conclude that the epitope(A) Comparison of Cm responses to flash photorelease of [Ca21]i
of Cl 69.1 is not involved in exocytosis. However, thefrom cells dialyzed with either Fab fragment of Cl 71.1 (n 5 15) or
Fab fragment of Cl 71.1 mixed with a 10-fold excess of the N-ter- presence of an intact IgG molecule at the tip of synapto-
minal fragment of SNAP-25 (SN1, n 5 9) or without any protein brevin and/or the assembled SNARE complex may inter-
(control, n 5 14). fere with protein±protein interactions or with vesicle
(B) Comparison of the averaged amplitudes of exocytotic bursts
docking, an effect probably caused by steric hindrance.and of the sustained components of Cm responses as shown in (A).
Discussion
slower in the cells dialyzed with 71.1 Fab than in control
cells (Figure 6B). As in the experiments described above, The results presented here indicate that in adrenal chro-
maffin cells, SNARE complexes need to form beforethis change was not due to a reduction of the [Ca21]i
concentration. exocytosis is triggered by Ca21. Furthermore, our data
suggest that before exocytosis, trans-SNARE com-We then conducted detailed kinetic analyses of indi-
vidual Cm responses. The traces were first fitted with plexes exist in a dynamic equilibrium between a more
loosely and a more tightly bound state that are bothtwo exponentials. When the two time constants only
differed by a factor #2, they were reanalyzed using a fusion competent but exocytose with different kinetics
in response to a rise in [Ca21]i.single exponential fit. The analysis demonstrated that
in 39 out of a total of 42 control cells, the exocytotic Adrenal chromaffin cells offer the advantage that
assays of exocytosis can be performed at high temporalburst displayed a double exponential Cm increase,
whereas most of the Cm responses (36 out of 42) in 71.1 resolution on the single cell level using either amperome-
try or membrane capacitance measurement (see Neher,Fab±treated cells could adequately be fitted by a single
exponential component, which was similar to the slow 1998 for review). When [Ca21]i is rapidly raised in such
cells by flash photolysis of caged Ca21, an exocytoticburst component in the control cells. Although the re-
maining 6 cells out of 42 cells treated with 71.1 Fab burst is observed during which 100±200 vesicles fuse
within several hundred milliseconds (Neher and Zucker,could be fitted with a double exponential, the amplitude
of the faster component was significantly reduced (see 1993; Xu et al., 1998). Subsequently, exocytosis contin-
ues at a slow rate (sustained component). The mostTable 1). To confirm that 71.1 Fab slows down the exocy-
totic burst, we measured the time required for each trace plausible interpretation of this sequence is that the exo-
cytotic burst represents the fusion of release-competentto reach half maximal amplitude of the exocytotic burst.
These half times were 114.8 6 17.5 ms (control) and vesicles, and the sustained component (at continued
high [Ca21]i) represents the recruitment of new vesicles206.2 6 14 ms (injected with 71.1 Fab).
Cell
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Figure 6. Anti-SNAP-25 Antibody Blocks the
Fast Component of the Exocytotic Burst
(A) Separation of the exocytotic burst from
the sustained component of secretion. A line
was fitted to the Cm traces from 3 to 6 s and
extrapolated back to 0.2 s as an estimate of
the sustained component. Then the line fit
was subtracted from the Cm traces. The re-
maining Cm response was considered to rep-
resent the exocytotic burst and was fitted by
two exponentials.
(B) 71.1 Fab reduces the maximal rate of se-
cretion. The maximal rate of secretion was
calculated as DCm/Dt where Dt was set to half
the fastest time constant in the exponential
fit of the Cm traces. The rates are averages
from 42 control cells and 42 cells dialyzed
with 71.1 Fab.
(C) Comparison of the averaged exocytotic
burst between control cells (n 5 42) and 71.1
Fab dialyzed cells (n 5 42). The Cm responses
were normalized after subtraction of the sus-
tained component as explained in (A). Upper
traces in (C) represent average [Ca21]i signals
as an interpolation between measurements
which were sampled at 0.5 s intervals.
to secretion competence, immediately followed by exo- trans-SNARE complexes are forming from free (uncom-
plexed) SNAREs. The model predicts that the rate of thecytosis (Heinemann et al., 1993; Thomas et al., 1993;
Henkel and Almers, 1996; Xu et al., 1998). Furthermore, slow, sustained component correlates with the availabil-
ity of free, uncomplexed SNAREs, whereas the exo-the exocytotic burst, if analyzed at high time resolution,
can be fitted by two exponentials, indicating that there cytosis-competent vesicle pool correlates with the pres-
are two distinct states from which exocytosis can occur ence of trans-SNARE complexes. Several observations
(Voets et al., 1999). support this view: (1) Excess a-SNAP accelerates the
Together with results from earlier studies, the data rate (Xu et al., 1999). (2) NEM blocks the sustained com-
presented here can now be integrated into a coherent ponent, without eliminating the exocytotic burst elicted
picture that assigns to each of the kinetically distinct by a first Ca21 increase following NEM treatment (Xu et
components a defined state of the SNARE proteins. al., 1999). (3) Most clostridial neurotoxins that cleave
According to this view, release competence means that monomeric SNAREs completely block all secretion (Xu
intact trans-SNARE complexes are already in place, et al., 1998). (4) An antibody against SNAP-25, which
whereas recruitment of competent vesicles means that prevents complex formation, slows the sustained com-
ponent (shown here).
The exocytosis-competent state is stable for at least
Table 1. Summary of the Effects of 71.1 Fab on the Kinetics of several minutes. This is indicated by our antibody exper-
the Exocytotic Burst iments, in which an exocytotic burst can be elicited 10
min after the establishment of the whole-cell configura-Fast Burst Slow Burst
tion. In contrast, recruitment to secretion competence is
t (ms) Amplitude (fF) t (ms) Amplitude (fF)
severely impaired, as judged by the rate of the sustained
Control 39/42a 51 6 4 191 6 28 412 6 74 222 6 26 process and by a large reduction in the response to
3/42a 281 6 139 173 6 58 a second flash, applied after 2 min of recovery. This
71.1 36/42a 314 6 26 174 6 18
indicates that most uncomplexed SNAP-25 has been6/42a 79 6 11 111 6 25 603 6 61 187 6 44
inactivated by the antibody at this time. Although we
a The number is given as: the number of the cells/the total number cannot rule out completely that the antibodies interfere
of the cells tested.
with other protein±protein interactions of SNAP-25, we
SNARE Assembly and the Kinetics of Exocytosis
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Figure 7. Effect of Cl 69.1 and Its Fab Frag-
ment on Amperometrically Measured Secre-
tion from Chromaffin Cells
Intracellular dialysis with Cl 69.1 (3 mM) fully
inhibited the amperometric response evoked
by iontophoretic pulses of ACh. However,
Fab fragments of this antibody (1.33 mM) did
not significantly affect catecholamine re-
lease. Catecholamine release was computed
as the integrated amperometric current
evoked by ACh pulses and represented as
the percentage of the secretion detected dur-
ing the second response to ACh in a given
cell (when a regular pattern of secretory and
[Ca21]i responses was achieved). Points are
averages from 4 to 10 cells.
conclude that the release-competent state represents force for fusion, then trans-complexes must be energeti-
cally higher and, therefore, more labile than cis-com-assembled SNARE complexes and that complex forma-
tion is well separable from Ca21-triggered exocytosis. plexes. This point is further supported by recent data
on PC12 cells (Chen et al., 1999) showing that thereThe view that during the burst only vesicles with pre-
assembled SNARE complexes exocytose has important is a 30-fold difference between the concentration of
SNAP-25 necessary for rescuing exocytosis (probablystructural implications for fusion-competent SNARE
complexes (Ryan, 1998). First, it was found that the requiring formation of trans-complexes) and for forming
complexes in membrane-free extracts (most likely cis-fusion-competent state is sensitive to the attack of clos-
tridial neurotoxins (Xu et al., 1998), whereas cis-SNARE complexes).
Second, fusion-competent SNARE complexes appearcomplexes, either in solution (Hayashi et al., 1994) or in
intact membranes (Otto et al., 1997), are toxin resistant. to be in a dynamic equilibrium between two distinct
states. These states correspond to the kinetically dis-Thus, one must conclude that fusion-competent SNARE
complexes are not fully assembled, particularly in the tinct components of the burst, which interconvert on
the time scale of 2±5 s (Voets et al., 1999) and which,C-terminal region containing the toxin cleavage sites.
This is most readily explained by assuming a loose trans- as shown here, are discriminated by the antibody Cl
71.1. This antibody seems to shift the equilibrium be-configuration that is less tightly assembled than the
highly stable cis-complex. If, as postulated by the fusion tween the two states, as only the slow burst component
is observed in its presence. Interestingly, a very similarmodel of Hanson et al. (1997a), the energy stored in
distortion and bending of the membrane anchors of effect on the burst is seen by botulinum toxin type A
(BoNT/A), which cleaves the C-terminal 9 amino acidstrans-complexes is a main component of the driving
Figure 8. Model Describing Antibody and
Neurotoxin Action on SNARE Complex during
Docking and Exocytosis
A fusion-competent vesicle can exist in two
states which interconvert under resting con-
ditions within a few seconds. The ensemble,
however, is stable for several minutes and
can be replenished by a reaction, taking tens
of seconds and involving the formation of
SNARE complexes from monomers. Antibod-
ies are assumed to bind tightly to SNAP-25
monomers, thereby preventing SNARE com-
plex formation, and to bind reversibly to the
loose form of the SNARE complex. The ob-
served kinetics in the presence of antibody
can be explained if the unbinding rate of the
antibody from the loose complex is in the
range of 10 to 100 s-1. Effects of Botulinum
neurotoxin A (Xu et al., 1998) can be explained
if we assume that the loose form of the complex is toxin sensitive (Ryan, 1998). The tight form is displayed as toxin protected because cis-
complexes are toxin resistant in vitro (Hayashi et al., 1994), but we have no specific evidence that this is actually the case for in vivo trans-
complexes. Also, we cannot distinguish experimentally whether the loose complex is fusion competent (as shown in the diagram as a broken
arrow) or else the reaction proceeds through the tight complex by a Ca21-dependent acceleration of the interconversion rate. Typical reaction
times for the individual steps are indicated, either in parentheses (for the high Ca21 case) or not (for resting condition).
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Experimental Proceduresfrom SNAP-25 (Xu et al., 1998). Again, only the slow
burst component remains.
AntibodiesIn conclusion, we postulate two interconvertible forms
Mouse monoclonal antibodies specific for the following proteins
of the trans-SNARE complex, at least one of which is were described previously: SNAP-25 (Cl 71.1 and Cl 71.2; Bruns et
sensitive to neurotoxin attack, or else dissociates on al., 1997), syntaxin 1A (HPC-1; Barnstable et al., 1985), synapto-
brevin 2 (Cl 69.1; Edelmann et al., 1995), and Rab3A (Cl 42.2; Matteolithe time scale of minutes (such that the SNAREs become
et al., 1991). In all cases, IgG was purified from ascites by chroma-toxin sensitive). Several experimental findings, both
tography on Protein A sepharose according to manufacturer's in-from our own studies and from previous work (Rizo and
structions. Fab fragments were generated by papain digestion usingSuÈ dhof, 1998; Sutton et al., 1998; Fiebig et al., 1999),
immobilized papain (Sigma) according to standard procedures (see
have led to the suggestion of partially assembled (loose) also instructions of the manufacturer). At the end of the reaction,
and tight SNARE-complexes, as shown diagrammati- Fab fragments were purified by ion exchange chromatography on
a Mono-Q column. Purified Fab fragments did not contain any othercally in Figure 8. However, alternatives must be consid-
proteins such as undigested IgG and Fc fragments and were compa-ered. Thus, the two functionally distinct states may differ
rable in affinity to undigested IgG. For microdialysis, Fab-containingin the number of trans-complexes. For instance, an exo-
fractions were concentrated in Microcon 30 concentrators (Amicon)cytosis-competent state may consist of an inner ring of
and equilibrated in HEPES (40 mM), pH 7.2, CsOH (125 mM), and
tightly assembled SNAREs (resistant to the antibody glutamate (125 mM). To avoid interference by IgG chains, the anti-
and toxin), which may or may not sequester peripheral, bodies used for immunoblot detection (HPC-1, Cl 71.2) were biotinyl-
ated with NHS-biotin (Pierce) according to the manufacturer's in-more loose complexes. In such a model, the fast compo-
structions, unless stated otherwise.nent of the exocytotic burst is mediated by the combined
action of the inner and peripheral complexes, whereas
Generation and Purification of Recombinant Proteinsthe slow burst component results from complexes with
cDNAs encoding rat synaptobrevin 2 and syntaxin 1A were kindlyan inner ring only. Voets et al. (1999) have shown that
provided by R. H. Scheller (Standford; Elferink et al., 1989; Bennett
the two forms are interconvertible on the time scale et al., 1992). The SNAP-25A cDNA was kindly provided by T. C.
of seconds, which indicates that addition of peripheral SuÈ dhof (Dallas). The coding sequences were subcloned into pHO2
complexes should be reversible. This alternative model (syntaxin 1A: residues 1±265, synaptobrevin 2: residues 1±94) or
pHO2c (SNAP-25A: residues 1±206) vectors as described (Fass-explains protection of the core (and the slow burst com-
hauer et al., 1997a; Margittai et al., 1999). The N-terminal half ofponent) from antibody and BoNT/A action, but it would
SNAP-25A was subcloned into pET15b as described (Fasshauer etnot explain why most clostridial neurotoxins (except
al., 1998). NSF and a-SNAP in pQE-9 vectors were kindly provided
BoNT/A) completely block the exocytotic burst. by S. Whiteheart and J. E. Rothman (New York). The recombinant
Also the question may be asked whether the slow- proteins were expressed and purified as described previously (Fass-
down of the exocytotic burst in the presence of antibody hauer et al., 1997a).
GST-syntaxin coupled to Glutathion-Sepharose 4B was preparedsuggests that SNAP-25 binding is involved in this very
as described (Chapman et al., 1995).fast process. One could imagine that Ca21 elevation
(during the flash) provides a binding site for SNAP-25
Immunoblot Analysiswithin the time frame of the fast component of the exocy-
SDS-PAGE and immunoblotting were carried out using standard
totic burst, and that subsequently binding of SNAP-25 protocols (Laemmli, 1970; Tobwin et al., 1979). Blotto (Thean and
and membrane fusion is fast. Moderate depletion of free Toh, 1989) was used as incubation and washing buffer. Except
monomeric SNAP-25 by antibody would then slow down for the data shown in Figure 1C, antigens were detected using
radiolabeled streptavidin. The blots were incubated with 0.3 mCi 125I-this fast burst component. This mechanism, however,
Streptavidin/ml for 2 hr at room temperature, washed 6 times, dried,would not lead to a slowing of the sustained component
and either exposed on X-omat AR film (Kodak) or analyzed with thenor to a reduction of subsequent flash responses, be-
aid of a BAS-2500 analyzer (Fuji film). The blot shown in Figure 1C
cause the (moderately) slowed down fast burst response was developed by the enhanced chemoluminescence method using
is still much faster than the sustained component. Also, a kit (Supersignal) from Pierce.
SNAP-25 binding is considered to be a relatively early
step in complex formation (Fiebig et al., 1999), based Assembly and Disassembly of SNARE Complexes In Vitro
To test for the influence of antibodies on SNARE assembly, one ofon structural data. Thus, we favor the existence of two
the SNAREs was incubated with the respective antibody for 2 hr atforms of the SNARE-complex, as depicted in Figure 8.
room temperature and then combined with the other SNAREs forUnder resting conditions, the antibody stabilizes the
complex formation. The final concentrations of the SNARE proteinsmore loosely complexed state of the SNAREs by binding
were 0.2 mM each. After incubation for 12 hr at 48C, SDS±sample
with low affinity and preventing its progression to the buffer was added and the samples were analyzed by SDS-PAGE for
more tightly bound form. Elevation of [Ca21]i would lead the presence of SDS-resistant complexes as indicated. To examine
whether the Fab fragment of Cl 71.1 (a SNAP-25 antibody) preventsto exocytosis either directly from the loosely complexed
SNARE binding to syntaxin, SNAP-25 (0.4 mM, preincubated withstate or through Ca21-dependent acceleration of the
an 8-fold molar excess of 71.1 Fab fragments) was incubated withrate connecting the loose and the tight form of the com-
synaptobrevin (5.2 mM ) and GST-syntaxin (corresponding to a final
plex and rapidly displacing the antibody. The loose form concentration of 1.7 mM ), which was immobilized to Glutathion
would also be subject to attack by neurotoxins. Cleav- Sepharose beads preblocked with 0.5 mg/ml bovine serum albumin.
age of any of the SNARE motifs at central locations of The buffer used was Tris (20 mM), pH 7.4, NaCl (200 mM), DTT (1
mM), Triton X-100 (1.2% [v/v]). After 3 hr of incubation at roomthe complex would lead to disassembly, causing com-
temperature under constant rotation, the samples were washed 6plete loss of the exocytotic burst. Removal of only a
times and analyzed by SDS-PAGE after heating at 1008C for 5 min.short C-terminal fragment from SNAP-25 by Botulinum
To test for the influence of antibodies on SNARE disassembly,
toxin A, on the other hand, would only destabilize the ternary complex was purified as described (Fasshauer et al., 1998)
tight form and, therefore, display a phenotype very simi- and incubated (final concentration 0.2 mM) with 5-fold molar excess
of purified antibody for 2 hr at 308C. Disassembly was then initiatedlar to antibody action.
SNARE Assembly and the Kinetics of Exocytosis
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by the addition of recombinant a-SNAP and NSF and measured by pipette was continuously monitored to estimate the loading of the
monitoring the disappearance of SDS-resistant complexes (Fass- reagents. Subsequently, the patch pipette was removed and exocy-
hauer et al., 1998). totic secretion was elicited in response to pulses (500 ms every
For the formation of SNARE-containing proteoliposomes, full- 3 min) of iontophoretically applied acetylcholine. Exocytosis was
length syntaxin 1A and full-length synaptobrevin 2 were expressed monitored by amperometry. This protocol resulted in highly repro-
in E. coli and purified as described (Margittai et al., 1999). For SNAP- ducible changes of [Ca21]i and secretory responses, thus allowing
25A, a mutant was used in which all cysteine residues were replaced for long term (.75 min) assays of secretion.
with serines (Fasshauer et al., 1999). Proteoliposomes were pre-
pared as described previously (Margittai et al., 1999), with the excep- Acknowledgments
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